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Metal-responsive transcription factor-1 (MTF-1) is a zinc finger protein conserved from 18 
mammals to insects. It mediates protection against heavy metal load by activating the 19 
expression of metallothionein and other genes. In Drosophila, MTF-1 serves a dual 20 
function in that it not only helps to protect against heavy metal load but also induces 21 
the expression of Ctr1B, the gene for an intestinal copper importer, upon copper 22 
starvation. By dissecting Drosophila MTF-1 function, we have identified determinants 23 
for nuclear import and export, and characterized a phosphorylation site mutant (T127A) 24 
that differentially affects MTF-1 target genes. Further, by generating a series of fusion 25 
proteins with the heterologous DNA binding domain of Gal4 we identified a strong, 26 
constitutive activation domain in the central region of MTF-1 (aa 352-540). By contrast, 27 
an extended fusion protein that includes MTF-1’s C-terminus (aa 352-791) is not active 28 
in standard conditions but induced by copper load. The paramount regulatory 29 
importance of the C-terminal part, that harbors a cysteine-rich “metallothionein-like” 30 
domain, was corroborated by different experiments. Transgenic flies expressing C-31 
terminally truncated MTF-1 variants displayed high constitutive transcription of both, 32 
the genes for metallothioneins and the copper importer Ctr1B. The indiscriminate 33 
activation of these genes that are normally induced under opposite conditions of 34 
copper load and copper starvation manifested itself in a shortened life span, crippled 35 
wings, and female sterility. 36 
 37 
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1. Introduction 41 
A key player in heavy metal homeostasis is the metal-responsive transcription factor-1 42 
(MTF-1, also termed metal-regulatory transcription factor-1 or metal response element-43 
binding transcription factor-1). MTF-1 is activated by heavy metal load (Heuchel et al., 44 
1994; Westin and Schaffner, 1988) and drives the transcription of metallothioneins and 45 
other genes involved in heavy metal homeostasis. Metallothioneins are small, cysteine-46 
rich proteins that protect cells from heavy metal load and oxidative stress. MTF-1 has 47 
been isolated and characterized in a diverse set of organisms ranging from the fruit fly 48 
Drosophila melanogaster (Zhang et al., 2001) to mammals, including mice (Radtke et 49 
al., 1993) and humans (Brugnera et al., 1994; Otsuka et al., 1994). While the DNA-50 
binding zinc finger region of human and Drosophila MTF-1 is conserved, there is little, if 51 
any conservation of protein sequence outside of the zinc fingers (Zhang et al., 2001). 52 
Differences in the function and regulation of human and Drosophila MTF-1 became 53 
evident early on. Mammalian MTF-1 strongly induces transcription of target genes in 54 
response to zinc and cadmium, whereas the Drosophila homolog is best activated by 55 
copper and cadmium. Additionally, Drosophila MTF-1 has a dual role: On the one hand 56 
it activates transcription of the genes for metallothioneins and the copper transporter 57 
DmATP7 under dietary copper overload (Burke et al., 2008; Zhang et al., 2001), on the 58 
other hand under low copper conditions it activates expression of the copper importer 59 
Ctr1B to protect flies from copper starvation (Selvaraj et al., 2005). Flies without MTF-1 60 
develop normally under standard food conditions, but cannot survive heavy metal 61 
stress (Egli et al., 2003). In contrast to this in mice, knockout of MTF-1 is lethal and 62 
embryos die at day 14 of gestation (Günes et al., 1998). A motif rich in cysteines 63 
(“cysteine cluster”) is present in both mammalian and Drosophila MTF-1, but displays 64 
different functions. The cysteine cluster of Drosophila MTF-1 65 
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547CNCTNCKCDQTKSCHGGDC565 is important for sensing excess intracellular copper 66 
(Chen et al., 2008). Mutant flies missing this cysteine cluster fail to activate 67 
metallothioneins and show an impaired survival in response to high copper (Chen et 68 
al., 2008). The mammalian cysteine cluster (632CQCQCAC638 in human MTF-1) is 69 
essential for the transcriptional activity of MTF-1 (Chen et al., 2004). In human MTF-1, 70 
specific sequence motifs for nuclear localization, nuclear export and transcriptional 71 
activation have been identified (Lindert et al., 2009; Radtke et al., 1995; Saydam et al., 72 
2001). MTF-1’s metal inducibility localizes to the zinc finger domain, which shows a 73 
relatively low affinity for zinc (Heuchel et al., 1994; Otsuka et al., 2000), and a metal-74 
sensing acidic transactivation domain (Lindert et al., 2009). Here we have 75 
characterized a number of Drosophila MTF-1 mutants in order to identify functional 76 
elements in this protein. We determined the domains that regulate the cellular 77 
distribution of the protein, analyzed the effect of phosphorylation site mutations in zinc 78 
fingers 1 and 2, and defined a constitutively active acidic transactivation domain. 79 
Finally we show that the C-terminal region, which is highly conserved among insects, 80 
besides having nuclear export function, negatively regulates transcription, in part by 81 
downregulating MTF-1 protein levels. Most importantly, this domain is essential to 82 
discriminate between excess and scarcity of copper supply.  83 
 84 
2. Materials and Methods 85 
2.1. Cell culture and transfections  86 
Drosophila S2 and HEK293T cells were cultured as described previously (Lindert et al., 87 
2009; Zhang et al., 2001). Cells were transfected with 2 !g total DNA per ml cell culture 88 
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medium (adjusted with Herring sperm DNA) by the calcium phosphate co-precipitation 89 
method. 90 
 91 
2.2. Plasmid constructions 92 
Potential NES sequences were cloned as oligonucleotides in a vector containing 93 
tandem repeated EGFP (a gift of Dr. Ulrike Kutay, ETHZ, Switzerland). Constructs 94 
used for testing NLS function were made by cloning MTF-1 fragments amplified by 95 
PCR into a plasmid expressing the Myc-tagged chicken pyruvate kinase (Myc-PK) 96 
(Siomi and Dreyfuss, 1995). Gal4 fusion constructs are based on pAc5/V5-HisB 97 
(Invitrogen) containing the Gal4 DNA-binding domain (amino acids 1-147) and PCR 98 
amplified fragments of Drosophila MTF-1. The 2xGal-OVEC reporter construct was 99 
described before (Seipel et al., 1992). The Actin 5c-OVEC reference plasmid was 100 
made by introducing the fragment of pAc5/V5-HisB comprising the 2.7 kb Actin 5c 101 
promoter into OVEC-ref (Westin et al., 1987). The Drosophila transformation vectors 102 
were generated by cloning the Drosophila MTF-1 cDNA under the control of the 103 
Tubulin promoter into pAttB (Bischof et al., 2007) and mutations were introduced via 104 
site-directed mutagenesis (QuikChange, Stratagene). Detailed information about 105 
oligonucleotide sequences and cloning strategies are available on request. 106 
 107 
2.3. Indirect immunofluorescence 108 
HEK293T cells, grown on cover slips in a 12-well tissue culture plate, were transfected 109 
with 2xEGFP-NES or Myc-PK-NLS fusion constructs. Immunofluorescent staining was 110 
performed as described previously (Lindert et al., 2009; Saydam et al., 2001).  111 
 112 
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2.4. Fly stock keeping and generation of transgenic flies 113 
Flies were maintained as described previously (Hua et al., 2011). Drosophila MTF-1 114 
transgenes were introduced into the fly genome at an AttP landing site located at 115 
genomic position 51D using the phiC31 integration system (Bischof et al., 2007) and 116 
flies were crossed to a MTF-1-/- background (except for deletion constructs, which 117 
displayed a dominant effect and had a reduced fitness in a MTF-1-/- background so 118 
that stocks could not be maintained). Experiments were performed with flies that 119 
carried one copy of the transgene. To measure eclosure rates, five transgenic males 120 
were crossed to four y w virgins. For the longevity assay approx. 100 freshly eclosed 121 
female flies were put on normal food in groups of 10, counted every 1-2 days and 122 
transferred to fresh food every 3-4 days.  123 
 124 
2.5. S1 nuclease protection assay 125 
RNA of 30-40 3rd instar larvae or freshly eclosed flies, raised on either standard food or 126 
food with the indicated supplements, was isolated using TRIzol (Life Technologies) 127 
followed by the S1 nuclease mapping of transcripts performed as described previously 128 
(Weaver and Weissmann, 1979). mRNA levels of the Actin 5c gene were used for 129 
normalization of MtnA, MtnB and Ctr1B transcripts. For testing the Gal4 DNA-binding 130 
domain fusion constructs 1,4x107 S2 cells were transfected with 7 !g of an 2xUAS-!-131 
globin reporter plasmid, 3.5 !g of an Actin 5c-!-globin reference plasmid and 35 ng of 132 
the Gal4 fusion construct. RNA was isolated by phenol/DCM extraction and subjected 133 
to S1 nuclease protection assay (Weaver and Weissmann, 1979; Westin et al., 1987). 134 
Standard deviations of three independent experiments were calculated. 135 
 136 
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2.6. Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA) 137 
Nuclear extracts of transiently transfected S2 cells were prepared as described 138 
previously (Schreiber et al., 1989). 30 !g of nuclear protein and approx. 40 fmol of end-139 
labeled MRE-s double-stranded oligonucleotide were used in a binding reaction 140 
according to (Radtke et al., 1993). Samples were separated on a 4% polyacrylamide 141 
gel in 0.25x TBE buffer.  142 
 143 
2.7. Western blot analysis of whole cell extracts and nuclear extracts 144 
S2 cells were transfected with the respective MTF-1 expression plasmids. Whole cell 145 
extracts were prepared in a buffer containing 150 mM NaCl, 50 mM Tris-HCl pH 8, 5 146 
mM EDTA, 0.5 % NP-40, 1 mM DTT and protease inhibitors. Whole cell or nuclear 147 
extracts were loaded on a 6 % tris-glycine SDS-PAGE and transferred on a PVDF-148 
membrane (Amersham). MTF-1 was detected using a 1:2500 dilution of a polyclonal 149 
rabbit antibody raised against aa 406-540 of Drosophila MTF-1 (a kind gift of Dr. 150 
Michael Marr, Brandeis University, Massachusetts), followed by a HRP-conjugate anti-151 
rabbit IgG at 1:5000 dilution (GE Healthcare, NA934).Proteins were visualized using 152 
the ECL chemiluminescent detection system (Pierce). 153 
 154 
3. Results 155 
3.1. Drosophila MTF-1 encodes two segments mediating nuclear export and the main 156 
nuclear import function is localized to zinc fingers 1-3. 157 
We screened the Drosophila sequence for motifs that could mediate nuclear export. 158 
Nuclear export signals (NES) of human MTF-1 show the typical leucine-rich sequence, 159 
while in Drosophila MTF-1 we could only identify possible NES motifs with a more 160 
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relaxed requirement (Figure 1A and B) in which other hydrophobic amino acids, namely 161 
Ile ,Val, Phe, Met, can substitute for leucine (Kutay and Güttinger, 2005). To study 162 
Drosophila NES sequences, mammalian cells were used, because they are larger and 163 
allow for ready distinction between nuclear and cytoplasmic staining (Bi et al., 2005; 164 
Murai et al., 2003). Each of the three candidate motifs was fused to a reporter protein 165 
consisting of two tandem copies of fluorescent protein (2xEGFP) and expressed in 166 
HEK293T cells to visualize nuclear export (Figure 1C). Two of the motifs, NES1 and 167 
NES2, induced cytoplasmic localization of the 2xEGFP-fusion protein. Both these 168 
motifs show no obvious sequence homology to the human MTF-1 NES, but we note 169 
that the sequence of NES2 is highly conserved among insects (Figure 1D) and possibly 170 
contains a protein destabilizing signal, as a longer exposure time had to be chosen to 171 
visualize the NES2-2xEGFP fusion protein. 172 
In search for nuclear localization signals (NLS), most of the MTF-1 coding region was 173 
divided into subsegments (Figure 1A) which were individually tested upon fusion to 174 
Myc-PK, a reporter protein moiety that is exclusively cytoplasmic, unless linked to a 175 
nuclear localization signal (Siomi and Dreyfuss, 1995). Here there was a good 176 
congruence with mammalian MTF-1 in that the major NLS also localized to a broad 177 
region of zinc fingers 1-3 (segment b, Figure 1E). Other segments localized in the zinc 178 
finger region had weaker or no activity (segments c or d, respectively). Additionally, a 179 
weak nuclear localization activity was associated with a segment rich in basic amino 180 
acids downstream of the zinc finger region (segment e) and with a subsegment of the 181 
transactivation domain (segment g). The activity of the latter might be an indirect one, 182 
brought about via an interaction with a cofactor of transcriptional activation. 183 
 184 
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3.2. MTF-1 phosphorylation sites discriminate between different copper-inducible target 185 
genes. 186 
In the course of the Drosophila PhosphoPep project, in which the whole proteome of 187 
Drosophila Kc167 cells was screened for phosphorylated residues (Bodenmiller et al., 188 
2008), four specific sites in MTF-1 were shown to carry phosphate groups, namely 189 
Tyr118, Ser126, Thr127 and Ser160. To explore the role of these sites in Drosophila 190 
MTF-1, individual residues were changed to alanines and the modified transgenes 191 
were introduced into the Drosophila genome in a MTF-1 null mutant background. 192 
Expression levels were determined for three well-established target genes of MTF-1: 193 
two metallothioneins (MtnA and MtnB) and the copper importer Ctr1B. To measure 194 
transcript levels, RNA from 3rd instar larvae grown on normal food, or food 195 
supplemented with either copper, cadmium or the copper chelator BCS (bathocuproine 196 
disulfonate) was analyzed (Figure 2A). Interestingly, the two metallothionein genes 197 
responded differently to the phosphorylation site mutants. Whereas MtnA was only 198 
mildly affected, expression of MtnB was strongly impaired by three of the mutations, 199 
especially by the T127A mutation. By contrast, S160A tended to increase both basal 200 
and copper induced expression. Upon cadmium load wild type MTF-1 induced the 201 
expression of MtnB, but not MtnA, whereas the T127A mutant induced MtnA 202 
expression and the S160A mutant lost the ability to activate MtnB. Regulation of the 203 
copper importer Ctr1B, whose transcripts are substantially induced upon copper 204 
starvation, was hardly affected by these mutations. In parallel, the C-terminal domain 205 
was mutagenized, which, due to its high cysteine content, had been dubbed a 206 
metallothionein-like domain (Chen et al., 2008). All 18 cysteines between amino acids 207 
642 and 766 were substituted by alanines (mcysCTD in figures). This modification did 208 
not affect basal level expression of target genes, but substantially reduced the 209 
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expression of MtnA and MtnB upon copper (and cadmium) load, bringing metal-210 
responsive transcription close to basal level. To see whether the mutagenesis of the 211 
phosphorylation sites and the cysteines affected the DNA-binding activity of MTF-1, 212 
nuclear extracts of transfected S2 cells were subjected to EMSA, using a consensus 213 
binding site for MTF-1 (metal response element, MRE-s (Radtke et al., 1993)). Only the 214 
S160A mutant, which also yielded an elevated activity in the transcription assay, 215 
showed a somewhat stronger EMSA band whereas the other mutants produced bands 216 
of about the same intensity (Figure 2B). Thus the lower transcriptional activity of some 217 
of the mutants is not merely due to a reduced DNA-binding ability.  218 
 219 
3.3. C-terminal deletions of Drosophila MTF-1 lose the ability to discriminate between 220 
copper load and copper starvation. 221 
To further identify regions in MTF-1 that regulate its function, we tested three shortened 222 
versions, namely aa 1-579 ("580-791), aa 1-636 ("637-791)  and aa 1-760 ("761-223 
791). These were transfected into S2 cells and their DNA-binding ability assayed by 224 
EMSA of nuclear extracts (Figure 2B). All three truncations yielded a considerably 225 
stronger shift than wild type MTF-1 or the phosphorylation site mutations, suggesting 226 
that an inhibitory domain lies in the C-terminal segment. Furthermore, there was no 227 
decrease in DNA-binding activity for the truncation mutants after four hours of copper 228 
induction, as observed for wild type MTF-1. The higher DNA-binding activity of the 229 
"761-791 truncation in untreated cells is not due to higher protein levels as judged by 230 
western blot of nuclear and whole cell extracts (Figure 3A). Furthermore, in line with a 231 
destabilizing function of the C-terminal 30 amino acids (see Figure 1D) the "761-791 232 
mutant protein, unlike the wild type protein, is not degraded after prolonged copper 233 
treatment (Figure 3A). 234 
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In flies expression of the truncation mutants, even on a wild type MTF-1 background, 235 
had dramatic effects. Females transgenic for "580-791 and "637-791 were sterile 236 
(data not shown) and the wing structure was distorted in both males and females. 237 
While the short deletion "761-791 only had “notched” wings, the two bigger deletions 238 
caused severely malformed, crumpled wings (Figure 3B). Additionally, flies expressing 239 
the truncations had an obviously reduced vitality, which was measured in two ways. 240 
First, the development to adult flies was monitored in a cross between males 241 
expressing the truncation mutant and y w virgins (Figure 3C). While the transgenic 242 
lines expressing the short deletion had eclosure rates approaching those of  control 243 
flies (transgenic flies carrying a wild type MTF-1 gene), those with bigger deletions 244 
showed a substantially reduced eclosure rate, with less than half of the embryos 245 
developing to adulthood. Different food compositions (normal food (NF), copper or zinc 246 
supplemented or copper depleted food) did not significantly affect eclosure. If anything, 247 
zinc excerted a negative effect on the vitality of flies expressing a truncation mutant 248 
(Figure 3C). Second, MTF-1 truncation transgenes also reduced the lifespan of adult 249 
flies, with a negative correlation between life span and the extent of the C-terminal 250 
deletion. Whereas control flies and flies with a wild type MTF-1 transgene had similar 251 
lifespans (median lifespan 49 and 47 days, respectively, Figure 3D), increasing the size 252 
of the truncation strongly decreased the lifespan to a median of  28, 13 and 10 days for 253 
the "761-791, "637-791 and "580-791 variants, respectively.  254 
The most striking effect was however seen when the expression of the major target 255 
genes MtnA, MtnB and Ctr1B was tested. Transcript levels were measured in freshly 256 
eclosed flies that had been raised on standard food. Here the truncated MTF-1 forms 257 
were unable to properly regulate the target genes, whereby the severity of the 258 
dysregulation increased with the extent of the truncation; both MtnA and MtnB and 259 
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surprisingly also Ctr1B were strongly overexpressed (Figure 3E). These high 260 
expression levels of MTF-1 target genes were only slightly altered by manipulation of 261 
the ambient copper concentration by food supplementation with copper or BCS (data 262 
not shown).  263 
To determine the interplay of the MTF-1 truncations with their major target genes, we 264 
tested two of them in a genetic background of Ctr1B heterozygosity or complete 265 
knockout. Loss of one copy of Ctr1B ameliorated the wing phenotype (Figure 4A, left 266 
panel) and a homozygous knockout of Ctr1B rescued the wing phenotype almost 267 
completely, whereby the 5th longitudinal vein tended to be incomplete (Figure 4A, 268 
middle panel; lifespan was however not restored (see below)). In marked contrast to 269 
this, combination with a knockout of four of the five Drosophila metallothionein genes 270 
(Mtn A, B, C, D, termed quadruple or qMtn mutant (Egli et al., 2006)) exacerbated the 271 
wing phenotype in that the wings were reduced to rudiments (Figure 4A, right panel). 272 
The wing effect is not easily explainable since curiously, the wing structure could be 273 
rescued not only by elimination of Ctr1B, which decreases body copper levels, but also 274 
by dietary copper supplement (data not shown), indicating specific effects depending 275 
on tissue and/or developmental stage. 276 
As noted above, elimination of Ctr1B had little if any effect on the lifespan (Figure 4B): 277 
Ctr1B knockout flies without or with the wild type MTF-1 transgene showed a median 278 
lifespan of 51 or 50 days, respectively, whereas the median survival of the "637-791 279 
and "580-791 flies was still reduced to 21 and 18 days, respectively. In order to find 280 
out whether the upregulation of metallothioneins by the MTF-1 truncations was 281 
primarily due to higher copper import resulting from Ctr1B hyperinduction, the 282 
transcripts of MtnA and MtnB were determined in the Ctr1B knockout background. As 283 
shown in Figure 4C, the two genes were overexpressed even in the absence of Ctr1B. 284 
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We were not able to test Ctr1B expression in the context of these truncation mutants in 285 
a quadruple metallothionein knockout background (qMtn), as qMtn heterozygous males 286 
carrying the truncations showed a severely reduced fertility. Moreover, eclosure rates 287 
were very low for flies carrying the truncations in a qMtn homozygous background 288 
(Figure 4D), and these flies could not be crossed further.  289 
 290 
3.4. The acidic activation domain of Drosophila MTF-1, spanning amino acids 352 to 291 
540, is constitutively active. 292 
The above results had suggested that the C-terminal segment of MTF-1 inhibits a 293 
constitutive transcriptional activation domain. In search for this putative domain we 294 
fused extended C-terminal variants of MTF-1 to the DNA-binding domain of the 295 
heterologous yeast transcription factor Gal4. Various fusion proteins (Figure 5A) were 296 
tested in S2 cells for their ability to drive transcription of a !-globin reporter under the 297 
control of a 2xUAS promoter. The construct carrying aa 286-791 of Drosophila MTF-1 298 
(segment a)  showed a low basal activity that was strongly induced by 100 !M copper 299 
or 10 !M cadmium (Figure 5B). As had been shown before in the context of full length 300 
MTF-1 (Chen et al., 2008), mutation of the cysteine cluster (segment b) eliminated 301 
copper induced activity, but a partial response to cadmium was maintained. As for 302 
intact MTF-1 and its truncations (Figure 3E), the C-terminal deletion in the Gal4-fusion 303 
(segment c) resulted in increased basal activity combined with a decreased inducibility. 304 
A very strong and constitutive activation was observed with segment i (aa 352-540). 305 
Like the situation in mammalian MTF-1, this segment is also located downstream of the 306 
zinc fingers (Figure 6). However, its primary sequence is different, and unlike the 307 
mammalian domain it is not by itself responsive to metals.  308 
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4. Discussion 310 
Human and Drosophila MTF-1 share a high protein sequence similarity in their zinc 311 
finger region (81 %), whereas little similarity is present outside of the zinc fingers 312 
(<23 %). In this context it was surprising that Drosophila MTF-1 could largely cross-313 
complement its ortholog in mammalian cells lacking MTF-1 and vice versa 314 
(Balamurugan et al., 2004). In order to further elucidate similarities and differences 315 
between the two proteins we have identified a number of novel features of regulatory 316 
importance in Drosophila MTF-1. We find that the general functions of human and 317 
Drosophila MTF-1 are very similar but the location of functional domains within the 318 
protein and their primary sequences are mostly different (Figure 6). 319 
In contrast to human MTF-1, whose isolated activation domain retains considerable 320 
metal-responsiveness, metal-sensing in Drosophila MTF-1 is separable from its 321 
activation domain. Phosphorylation is widely exploited to regulate cellular proteins, 322 
including transcription factors. Phosphorylation has also been implicated in the 323 
regulation of mammalian MTF-1, but no specific amino acid residue was shown to be 324 
critical (LaRochelle et al., 2001; Saydam et al., 2002). In a phosphoproteome screen 325 
positions Tyr118, Ser126, Thr127 and Ser160 of Drosophila MTF-1 were found to be 326 
phosphorylated (Bodenmiller et al., 2008). Our results indicate these sites are involved 327 
in target gene discrimination: expression of MtnB, far more than the expression of MtnA 328 
and Ctr1B, is affected in phosphorylation site mutants. This is the first time that mutants 329 
of MTF-1 were found that discriminate between individual metallothionein genes. The 330 
promoters of the MtnA and MtnB genes were shown before to require an interaction of 331 
different transcriptional co-activators with MTF-1 (Marr et al., 2006), thus the 332 
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phosphorylation sites investigated here might be critical to allow for these promoter-333 
specific interactions.  334 
The C-terminal domain of MTF-1 (aa 657-791) is rich in cysteines and thus was 335 
referred to as metallothionein-like domain (Chen et al., 2008). The mutant in which 336 
those cysteines were replaced by alanines (mcysCTD) failed to activate MtnA and 337 
MtnB genes under copper load. These results establish the C-terminal cysteine-rich 338 
region, in addition to the previously characterized more centrally located cysteine 339 
cluster (aa 547-565) (Chen et al., 2008), as being important for metal induced activity. 340 
Like mutation of the central cysteine cluster, mutation of the C-terminal cysteines did 341 
not impair Ctr1B induction by copper starvation. 342 
Since none of the mutations substantially affected the activity of the Ctr1B gene under 343 
copper starvation, we propose that Ctr1B activation is a process distinct from metal 344 
induced activity. A very strong binding of MTF-1 to the Ctr1B upstream region seems to 345 
ensure that even under conditions of no metal load, this gene remains active and that 346 
the downregulation upon copper overload is an active repression process (Selvaraj et 347 
al., 2005). Our data show that the negative regulation of Ctr1B involves the C-terminal 348 
domain, likely via an intramolecular repressive interaction or interaction with a 349 
repressor protein, because truncations result in high Ctr1B transcription in the absence 350 
of copper starvation.  351 
Expression of C-terminal truncations of MTF-1 in transgenic flies resulted in severely 352 
compromised fertility, malformed wings and reduced lifespan, likely explainable by a 353 
simultaneous strong expression of metallothioneins and the copper importer Ctr1B, 354 
which normally are only induced under conditions of copper load and copper starvation, 355 
respectively. The role of copper in Drosophila fertility was already observed in the 356 
context of a double knockout of the copper transporters Ctr1B and Ctr1C, which 357 
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renders males sterile (Steiger et al., 2010), whereas a defective wing development has 358 
not, so far, been documented for flies with a disturbed copper homeostasis. Genes 359 
determining wing structure, like Notch, Wingless and Vestigial, even though their 360 
proximal promoter region harbors no obvious MREs, could be direct or indirect targets 361 
of dysregulated MTF-1 function. A phenotype including female subfertility, reduced 362 
vitality and morphological defects in the wings was also observed with a knockout of 363 
the TIMP gene (tissue inhibitor of metalloproteinases) (Godenschwege et al., 2000) 364 
and we note that one of its target proteins, Mmp1, has MREs in its proximal promotor 365 
region and thus could be a target of dysregulated MTF-1 activity.  366 
A clear difference to human MTF-1 is evident if the subcellular localization of MTF-1 is 367 
observed under metal load. While mammalian MTF-1 is mainly cytoplasmic and rapidly 368 
translocates to the nucleus upon metal stress (Saydam et al., 2001; Smirnova et al., 369 
2000), the bulk of Drosophila MTF-1 was already DNA-bound under non-stress 370 
conditions and DNA-binding activity was strongly reduced 1 h after metal induction. In 371 
addition to a reduced DNA-binding activity, a fraction of the protein is degraded within 4 372 
hrs after metal induction, likely as a part of a negative feedback regulation to prevent 373 
an overshooting reaction. The last 30 amino acids of Drosophila MTF-1 play a critical 374 
role in this process, as the "761-791 mutant fully retained DNA-binding ability and 375 
protein levels stayed high upon metal treatment, indicating a negative regulatory 376 
function of the C-terminus. Taken together, our data reveal the paramount importance 377 
of the C-terminal region including not only the cysteine cluster, but also the 378 
metallothionein-like domain downstream of it, for proper functioning of Drosophila MTF-379 
1 in heavy metal homeostasis and detoxification. 380 
 381 
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Figure legends 502 
Figure1: Identification of nuclear localization (NLS) and nuclear export signals 503 
(NES) of MTF-1. (A) Schematic view of Drosophila MTF-1. Segments marked yellow 504 
with a high content of hydrophobic amino acids were tested for nuclear export function 505 
(red letters in Figure 1B). Stretches with a high content of basic amino acids that could 506 
represent a canonical nuclear localization signal (NLS), are depicted in blue. The bars 507 
a-k at the bottom show MTF-1 fragments that were tested for nuclear localization 508 
function (see Figure 1D). (C) Three potential NES sequences were tested in HEK293T 509 
cells as 2xEGFP-fusion proteins. 150 ms exposure time was chosen for all recordings, 510 
except for NES2 where an exposure time of 500 ms was required. (D) Protein 511 
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sequence alignment of the C-terminal motif of Drosophila melanogaster (D. mel), 512 
Anopheles gambiae (A. gam), the parasitic wasp Nasonia vitripennis (N. vit), the honey 513 
bee Apis mellifera (A. mel) and the flour beetle Tribolium castaneum (T. cas). (E) 514 
Subsegments of MTF-1 were tested for their ability to confer nuclear localization to the 515 
Myc-PK reporter protein. For each construct >200 cells were counted and classified in 516 
the indicated categories: N: nuclear localization; N>C: mainly nuclear localization; N=C: 517 
equal distribution; C>N: mainly cytoplasmic localization; C: cytoplasmic localization.  518 
 519 
Figure 2: Drosophila MTF-1 phosphorylation site mutants discriminate between 520 
different target genes. (A) MTF-1 cDNA constructs containing mutations of 521 
phosphorylation sites and the mcysCTD mutant were integrated into the Drosophila 522 
genome and brought to a MTF-1 -/- background. Larvae were raised on the indicated 523 
food to 3rd instar stage, collected and transcript levels detected by the S1-nuclease 524 
protection assay. The copper-/BCS-induced level of wild type MTF-1 was set to 1. (B) 525 
EMSA with a synthetic MRE-containing oligonucleotide (MRE-s) and nuclear extracts 526 
of S2 cells that had been transfected with the different MTF-1 expression constructs 527 
and treated with 400 !M CuSO4 for 4 hrs if indicated. Note that the band positions 528 
under native EMSA gel conditions are not strictly related to the protein molecular mass. 529 
The mcysCTD mutant gave a relatively strong, blurred band that might indicate partial 530 
protein misfolding.  531 
 532 
Figure 3: C-terminal truncation of Drosophila MTF-1 eliminates an autoinhibitory 533 
function and reduces vitality. (A) EMSA and western blot analyses of nuclear (NX) or 534 
whole cell extracts (WCE) of S2 cells. Cells were transfected with a wild type MTF-1 or 535 
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"761-791 expression plasmid and treated with 400 !M CuSO4 prior to cell harvest for 536 
the indicated time points. For comparison extracts of non-transfected cells are shown. 537 
(B) Wings of flies transgenic for MTF-1 expression constructs in a wild type MTF-1 538 
background. (C) Flies heterozygous for wild type MTF-1 or truncation mutants were 539 
crossed to y w flies on normal food (NF) or supplemented food as indicated and 540 
eclosure rates of transgenic flies vs. segregants lacking it were determined. Error bars 541 
indicate standard deviations from three independent crosses. (D) Shortened life span 542 
of flies expressing truncation mutants. (E) High constitutive transcription of 543 
metallothionein genes and the copper importer Ctr1B gene in flies expressing truncated 544 
MTF-1. mRNA levels of freshly eclosed flies that had been raised on normal food were 545 
quantified by S1 nuclease protection.  546 
 547 
Figure 4: Wing phenotype, but not shortened life span of MTF-1 truncations, is 548 
rescued by loss of copper importer Ctr1B. (A) Wings of flies transgenic for truncated 549 
MTF-1 in a Ctr1B+/-, Ctr1B-/- or qMtn background. (B) Life span of truncation mutants 550 
in a Ctr1B-/- background. (C) Metallothionein genes were still upregulated in the Ctr1B-551 
/- background. MtnA and MtnB mRNA levels of freshly eclosed flies raised on normal 552 
food were determined by the S1 assay. (D) Virgins (y w ; + ; qMtn) were crossed to 553 
transgenic males (y w ; transgene/+ ; qMtn/TM6b) and eclosure rates of transgenic flies 554 
were determined. Flies transgenic for wild type MTF-1 reached the expected eclosure 555 
frequency of approx. 25 % in a qMtn heterozygous or homozygous background, while 556 
flies carrying MTF-1 truncations on a qMtn background reached less than 5 %.  557 
 558 
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Figure 5: A constitutive, acidic activation domain is located between aa 352-540. 559 
Fusion proteins of the Gal4 DNA-binding domain and subsegments of MTF-1 (A) were 560 
tested for their transactivation function with a Gal4-responsive reporter gene 561 
(2xGOVEC) in S2 cells (B). Signal levels were normalized to a co-transfected Actin-562 
reference. The signal of copper-induced cells transfected with the aa 286-791 Gal4-563 
fusion was set to 1. To test for copper inducibility of these activation domains, cells 564 
were treated with 100 !M CuSO4 for 16 hrs prior to cell harvest. Segments aa286-791, 565 
286-579 and 352-540 were also tested for their response to cadmium (10 !M).  566 
 567 
Figure 6: Functional domains of Drosophila and human MTF-1. Schematic 568 
overview of the functional domains of Drosophila and human MTF-1. Shown are the 569 
localization of the zinc fingers, transcriptional activation domains (AD), nuclear 570 
localization (NLS) and nuclear export (NES) signals. The metallothionein-like (MT-like) 571 
C-terminal domain of Drosophila MTF-1 is characterized by a high content of cysteine 572 
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